individuals. They consisted in the cultivation within an hour, of the material from the throat-swabs upon inspissated serum and microscopical examination of the growth after twenty-four, and if necessary, forty-eight hours. The diagnosis rested upon the morphology and staining properties of the bacilli, Gram's stain, methylene blue and, when desirable, acid toluidene blue being employed. Examinations were carried out on admission and subsequently every seven days until three successive negat.ives were obtained. The time the patient reported sick with a sore throat was taken as the day of onset and the time he apparently ceased to harbour the bacilli was computed to be the period half way between the last positive finding and the first of three successive negatives.
Three thousand and seventy observations upon 457 cases are suitable for analysis. The data are complete for a period of fifty days. After that we gradually lost sight of twenty-nine cases, which were evacuated to England in order to relieve pressure upon the hospital. ANALYSIS OF THE OBSERVATIONS.
We present our results, in the first instance, in the form of a graph ( fig. 1 ) showing numbers still found to carry Bacillus diphtheriae plotted, as ordinates, against periods of five days along the abscissa. The numbers fall rapidly at first, then more and more slowly. It will be seen that after the first five days have elapsed, the observations fall upon a curve of some regularity. That the bacilli should disappear less rapidly during the first few days, might be expected, for the patients are still suffering from the disease during this period.
The form of the curve (fig. 1 ) suggested a logarithmic relationship and fig. 2 shows another graph in which, as ordinates, logarithms are substituted for the numbers themselves. It is clear from this graph that the population still carrying bacilli after various ?ntervals of time, is now well expressed by a straight line, provided the first period of five days is excluded. The best fitting line was kindly calculated for us by Dr. Major Greenwood, using the method of least squares. This line is drawn on the graph (fig. 2 ), and is represented by the formula log. y = 2'6002 -0O0218 x. In the table below, the numbers still harbouring bacilli at each period of five days, calculated by this equation, are set out and against them the figures actually observed. The two columng show excellent agreement and the conclusion seems justified that the rate at which a population frees itself from diphtheria bacilli is represented by the simple expression log nlog 2 =k where n] and n2 are the numbers still carrying at times t, and t2. The constant expresses the velocity at which the carrier state apparently disappears. A constant of 00218 means that approximately 5 per cent. of those remaining each day become free from the bacilli within twentyfour hours. Days after onset or disease Such a simple relationship suggests that the disappearance of diphtheria bacilli from the throat is due to the operation of a number of small causes, in other words, to chance. Generally speaking, an individual who has carried the bacilli for a couple of months is just as likely to become free in the next few days as ond who has carried for a week. This statement may, however, require slight modification in the case of persons with abnormal throats. These will be referred to later.
EFFECT OF CHANGING THE CRITERION UPON APPARENT RATE.
So far, three successive negatives at weekly intervals has been our -criterion of freedom. Other observers have deemed two or even one sufficient. The standard applied is a compromise, for nobody supposes Days after onset of disease that obtaining three negatives in succession excludes the possibility ,of discharging some few convalescents still harbouring diphtheria baccilli. Fig. 3 represents the rate of apparent disappearance of bacilli when one, two or three successive negatives is the criterion of freedom. Iii each case the logs. of the numbers still carrying are plotted against time.
The observations lie well along three straight lines and the constants are 0 0363, 0'0262, and 0,0218 respectively.
We are now in a position to consider the effect of enlarging the mesh of our net, by substituting two successive negatives or one negative, for the three. A constant of 0'0218 means that this amount, subtracted from the log. of the number carrying on Monday, will give the log. of the number which will probably be found to be still carrying on Tuesday. An arithmetical expression for each of the three constants, in terms of percentages which apparently became free each day, may be arrived at by subtracting each from the log. of 100 and finding the numbers corresponding to the residues. In our case, these are 95'1, 94 6, and 92'9, and these figures represent the individuals out of an original 100 whom we should have returned as still carrying, if we had based our conclusion upon three, two, or one negative finding respectively.
The difference in the number of carriers discovered by repeating the examinations two or three times is not great and the error per examination of the order of 2 5 per cent. An error of this magnitude becomes, however, considerable, when it all falls upon the small percentage declared free each day. With three negatives required, our population appeared to become free at the rate of 4'9 per cent. per day. This was increased to 54 per cent. if two negatives are demanded and to 7'1 per cent. as the result of only one negative finding. Put in another way, the number discharged would have been increased by 9'3 per cent. and 29 per cent. respectively and the persons constituting this increase would have been carriers.
The proportion of carriers nmissed, notwithstap,iing three successive negative findings, is unknown, but, from the smallness of the error for one examination, it cannot be considerable. On the other hand, there is no indication that a minimum value for k is being rapidly approached. This is likely due to reinfection amongst the convalescents whilst they are waiting for three successive negatives. Dr. Greenwood has pointed out to us that if the reversion to the carrier state is occurring pari passu with its disappearance, the proportion no longer carrying at time t will not be 1-e-9t, but, by-an application of the the technique of one observer was superior to that of another. Variation in the properties of the diphtheria bacilli in different epidemic periods seems to us the most probable explanation, some strains being with more difficulty cast out. Some part of the difference may, however, be due to the different circumstances under which the convalescents lived. They will undoubtedlv cease to harbour diphtheria bacilli more quickly in their own homes than in a diphtheria ward, where opportunities for reinfection are considerable, especially amongst children. In this connexion, the probable beneficial effect of antiseptic toilet of the throats of the convalescents in hastening the rate of disappearance of the bacilli by reducing the reinfection rate, is worthy of consideration.
Another difference between our observations and tb o3e of the Metropolitan Asylums Board and Massachusetts figures, which are the only figures in which the graph starts from the onset of the disease, is that the period intervening before the steady fall begins is much greater in the latter. We imagine that this is to be attributed to the slower clearing up of the throat lesion, for in those early days the type of dipht7heria was graver and the dose of antitoxin administered much less.
THE AVERAGE STAY IN HOSPITAL REQUIRED.
This depends principally upon the rate at which the patients become rid of the bacilli. As this process proceeds logarithmically, the rate is measured by the velocity constant k. We have been able to measure the influence of the criterion of freedom demanded upon this constant, but in the preceding paragraphs we have drawn attention to the fact that, even when the criterion was apparently the same, the velocity constants derived from the experience of different observers in different countries show great divergence. We are unable to explain this and it is probably a coincidence, that the constant we obtain from the analysis of the early figures of the Metropolitan Asylums Board hospitals is approximately the same as that arrived at from our own observations. The average stay in hospital necessitated to attain freedom from infection at Rouen was forty-five days; twenty of these were taken up in procuring the information. During this latter time the patient might be, and often was, fit to leave. This figure has been arrived at by multiplying the number of .observations for each five-day period by the time the individuals remained infective, adding these products, dividing the result by the vtotal number of observations and adding twenty. Here again, Dr. eGreenwood has come to our assistance and calculated it from the ;-logarithmic curve (fig. 2 ) by the approved actuarial method for .calculating the mean expectation of life. He arrives at the same ,figure, a further testimonial to the accuracy of the logarithmic .relationship.
Supposing but two successive negatives, or one negative, had been ,required, the mean stay in hospital to become supposedly free from .infection can be arri'ved at from the relation of the constants of the vthree grKaphe in fig. 3 . In the first case it will be 25 k, + 13 = 34; 25 k.,_ ,in the second, -k +6 = 21. The diminution in accuracy accompany-,ing this economy is shown in tabular form below. We have already referred to the case of convalescents with abnormally large' tonsils with deep crypts, who seem prone to become stubborn carriers. We encountered four such and from their throats abundant growth of Bacillus diphtheri.ie was obtained on every occasion. We can support the opinion of Pegler (1905) , which has been recently .emphasized by Sears (1919) , that the best treatment of them is radical *enucleation of the tonsils. This was done in the cases which c&me ,under our observation and the subsequent findings were uniformly negative. In sections of the tonsils the bacilli could be seen deep down kin the crypts, which in one case were over a centimetre in depth. They did not invade the tissue of the tonsil.
In conclusion, it is our pleas'ing duty to express our indebtedness to our colleague, Major McHattie, R.A.M.C. (T.), who had charge of the .cases, for his kind co-operation. Without his cordial assistance, it would not have been possible to have attained the samhe satisfactory ,iniformity in the conditions under which the observations were carried out. To our colleagues in the laboratory, Sister F. E. Williams, JR.R.C. of -the Australian Nursing Service, and Mr. Reginald Brain, late
DISCUSSION.
Dr. F. A. TURNER: There has been for years and still is a wide discrepancy between the results obtained by clinical, or more correctly epidemiological observations, and by bacteriologists, as to infection by recovered diphtheria patients. Some day, perhaps, the discrepancy may be explained, but at present, in spite of the careful work of Dr. Martin and many others, the conflict of evidence still exists. Fourteen years ago I deliberately gave up cultivating my patients before discharge. The evidence I published at the time, and four or five years afterwards I published a supplementary note in the Metropolitan Asylums Board's Reports (1909, p. 263) showing that a further four years' experience had justified my action. Briefly put, the evidence was that in a series including many thousand cases and extending over all the Metropolitan Asylums Board hospitals for three years, those hospitals which used thle culture test as a routine before discharge did not have fewer return cases than the others; in fact they often got more. Not only that, but two hospitals which had introduced routine culture before discharge got worse results after the change than before. And in statistics compiled by other observers I find invariably the same result. It has never yet been found, so far as I am aware, in any long series of cases, that culture before discharge has done any good whatever, that is it has never reduced the number of return cases. The routine varies at different hospitals: at some one negative culture is deemed sufficient, at others two or three are required. At one hospital at which I have worked, five negative cultures were required, and in spite of all this labour (at the last mentioned hospital I found the man responsible for the diphtheria wards spent more time in the laboratory 'than in the wards), no good result has been shown; that is, no reduction in the number of return cases. On this evidence I hold it right to discard the bacteriologist when discharging recovered dipbtheria patients. Of course I wish to put no ban upon research, but as a practical guide to us clinicians I hold that bacteriology has completely failed. Of course it seems difficult to reconcile this view with the view which I freely concede, that the Klebs-Loffler bacillus is the true cause of diphtheria. But various hypotheses are conceivable. Perhaps most of these late found bacilli are non-virulent. It is not practicable to test this in hundreds or thousands of cases. But where tested on a small number, usually a dozen or so, they have usually been found virulent. Another possibility is that the clinician who calls in the bacteriologist to his aid before discharging a case is a little less stringent than his colleague who does not in his clinical tests of fitness for discharge. I think that this is probably the true explanation, but it would be very difficult to devise a statistical test. I hope the future may bring some complete explanation. But for the present I hold that the facts are in favour of the practical steps that I have taken.
Dr. W. A. BOND: I think one of the causes of the different apparent rates of disappearance of diphtheria bacilli as shown in the three charts of the different countries is due to different climatic conditions in those countries. The effect of different climatic conditions on the rates of disappearance of meningococci from carriers has been shown by Colonel Mervyn Gordon and his colleagues in their report to the Medical Research Committee.' Dry warm weather with sunshine apparently has a beneficial influence and cold damp sunless weather the opposite. Climatic conditions would therefore probably also have a similar effect on diphtheria bacilli.
Dr. J. C. G. LEDINGHAM: The analysis presented by Drs. Hartley and Martin interests me greatly for two reasons. It is the first attempt, so far as I know, to give mathematical expression to the rate of disappearance of microorganisms from'the body of the infected host. It is too often forgotten, I think, that the carrier quota represents only what might be called the residuum of the natural proeess of disappearance and that in most of the acute infective fevers possibly 95 per cent. of persons who recover from the infection get rid of the infecting organisms in a perfectly regular fashion and within' fairly well defined periods. For the purposes of this analysis the carrier quota are not considered on the ground that other factors such as enlarged tonsils and adenoids come into play and interfere with the physiological processes of ' See Medical Research Committee Report No. 3 repair. Diphtheria offers perhaps the best conditions for an analysis of this kind as the site of vegetation is a single and readily accessible one and can be investigated freely and frequently. If a similar analysis were possible in typhoid fever, which is doubtful, the carrier with gall-bladder lesion would also not fit in. Secondly the analysis is of interest to me from the fact that, as yet, we have no precise experimental data with regard to the rate of disappearance of organisms from-a culture. The mathematics of bacterial growth from the period of seeding to the phase of constant cell population when cell growth and cell death balance, have been fairly thoroughly investigated and there would appear to be little doubt that the terminal phases ending with complete death would proceed similarly to the active growth phases but in the inverse fashion, thus yielding some form of frequency curve for the expression of the whole phenomenon from time of seeding to time of complete cell death. If this mode of disappearance held good in the infected host, the analysis before us would represent simply the middle portion of a sigma curve when cell death proceeds logarithmically in accordance with a monomolecular reaction. Doubtless this phase, like the corresponding logarithmic phase in cell growth, is the most important phase and is also the one most amenable to observation and experiment. At the same time I think it must be regarded only as a partial expression of the phenomenon of disappearance, looking at the matter of tissue infection in the most general way and less from the clinical phenomena associated therewith. It is known for example that when certain organisms such as staphylococci die under the influence of a disinfectant the whole process cannot invariably be expressed as a monomolecular reaction. The monomolecular phase is then preceded by a phase of initial lag. Possibly also the carrier phase might really represent a phase of terminal lag and asymptotic finish of the sigma curve. We are very grateful to the authors for an analysis of this kind as, whatever the interpretation may be, it helps to clarify our notions and to bring clinical and experimental data into consonance.
Dr. MAJOR GREENWOOD: A possible explanation of the discrepancy noticed by the authors between the rate of decline in the proportion of carriers in their experience and in other series is the chance of re-infection which is perhaps greater when carriers are segregated. Thus, a person who at the end of, say, a week is not found to be a carrier but at the end of a second week provides a positive result, may not be a mere illustration of the experimental or sampling error of the method but may be a consequence of re-infection. It would be a matter of great interest if we could assess the importance of these two factors, but I doubt whether the material at present available is adequate for the purpose.
